bolic challenges in hypothalamic centers which control feeding behavior and energy balance. Elevated blood glucose may be one factor that suppresses hypothalamic responsiveness in obese mice. A similar impact of hyperinsulinemia and hyperleptinemia in LOO mice is also likely although under the current experimental conditions responsiveness to some effects of these hormones appeared to be reduced.
Introduction
Neurons expressing orexigenic and anorectic neuropeptides in the arcuate nucleus (ARC), the paraventricular nucleus (PVN) and the lateral hypothalamic area (LHA) constitute a feeding regulatory circuit [1] . These include the orexigenic neuropeptide Y (NPY) and the anorectic proopiomelanocortin (POMC) neurons located in the ARC and the orexin and melanin-concentrating hormone (MCH) expressing neurons located almost exclusively in the caudal LHA. Neuronal activity correlates with the energy status in lean mice in all three nuclei [2] [3] [4] [5] [6] . Food deprivation increases c-Fos expression, a marker for neuronal activation, in these structures [2] [3] [4] [5] [6] . When energy balance is restored by chow refeeding c-Fos expression is rapidly reversed, supporting a crucial role of these brain sites in the maintenance of energy homeostasis [3] [4] [5] . Peripheral signals that may attune neuronal activity to the energy status include insulin, leptin, ghrelin and possibly metabolites such as glucose [1, [7] [8] [9] .
Obesity is characterized by hyperleptinemia and leptin resistance and is often accompanied by several hormonal and metabolic alterations that are key symptoms of the so-called metabolic syndrome, including insulin resistance, hyperinsulinemia, hyperglycemia and hyperlipidemia [10] [11] [12] . Furthermore, changes in hypothalamic function in obesity are indicated by studies showing lower signal transducer and activator of transcription 3 phosphorylation in response to leptin in the ARC [13] , reduced leptin-modulated NPY, agouti-related peptide and ␣ -melanin-stimulating hormone release from ARC neurons [14] , and reduced c-Fos response to glucose in the PVN and ARC [15] . Therefore, we hypothesized that the hypothalamic responsiveness to metabolic challenges differs between obese and lean individuals. To test this, we compared c-Fos expression in obese and lean mice under ad libitum feeding conditions and after 14 h of food deprivation. We also investigated whether the activated neurons express the orexigenic NPY in the ARC or orexin and MCH in the LHA.
We used mice that become obese at the age of 1 year while feeding on standard chow (late-onset obesity; LOO). This model resembles the most common form of human obesity in that it is characterized by a slow rate of fat accumulation over the course of years until early senescence. Obesity in humans and animals is generally characterized by hyperleptinemia and hyperinsulinemia and by reduced sensitivity to these hormones [10] [11] [12] . However, it is not known whether these are also characteristics of the LOO model. Therefore in the current study we also investigated leptin and insulin sensitivity in this model. Furthermore, this mouse model is not biased by genetic or dietary manipulation. To dissociate the effects of age and obesity in the LOO model, we also studied cFos expression in the hypothalamus of fasted lean mice of different ages (3-18 months) .
To investigate whether the differences in the fastinginduced changes in hypothalamic activity between obese and lean mice might be associated with plasma insulin, leptin, ghrelin and metabolite levels we compared these parameters between lean and obese mice under the different feeding conditions. Energy expenditure and respiratory quotient were also determined as key indicators of energy homeostasis and substrate utilization. In order to test whether fasting-induced activation in the hypothalamic nuclei translates into a compensatory increase in food intake at the time of refeeding, we compared the feeding responses to food deprivation between lean and obese mice.
Methods

Animals
Adult male wild-type C57Bl/6 (Charles Rivers, Erkrath, Germany) and transgenic mice expressing green fluorescent protein (GFP) in POMC neurons (kind gift of B.B. Lowell, Beth Israel Deaconess Medical Center, Boston, Mass., USA) were housed individually in a temperature-controlled room (22 ° C) under a 12-hour light/dark cycle (lights off at 09.00 h). Animals were handled daily for at least 3 weeks before the experiments according to the procedure recommended by Ryabinin et al. [16] to reduce handling-induced c-Fos expression. The animals had free access to rodent chow (No. 3430; Kliba Nafag, Kaiseraugst, Switzerland), except when food-deprived (see below) for 14 h until 2 h after the onset of the dark phase (11.00 a.m.).
Chow-fed C57Bl/6 mice gained weight at a different rate. At the age of 12 months 30% of the mice weighed more than 39 g and were therefore defined as late-onset obese (LOO). Approximately 20% of the mice had an average body weight of 34 g at the age of 1 year and hence were considered lean. All animal procedures were approved by the Veterinary Office of the Canton of Zurich. All applicable institutional and governmental regulations concerning the ethical use of animals were followed during this research.
Experiments
The effect of obesity on the fasting-induced hypothalamic cFos expression was investigated in 14-hour fasted 3-month-old lean (n = 11) and 1-year-old LOO mice (n = 6). Pertinent controls were fed ad libitum (n = 9 for lean and n = 6 for LOO). Lean mice weighed 27.7 8 0.4 g and LOO mice weighed 45.0 8 0.8 g.
In order to dissociate the effects of age and obesity, we investigated the fasting-induced c-Fos expression in 14-hour fasted lean mice across different age groups: at ages of 3 (n = 6; BW 25.7 8 0.3 g), 9 (n = 6; BW 31.0 8 0.6 g), 12 (n = 5; BW 33.0 8 0.4 g) and 18 (n = 6; BW 33.5 8 0.6 g) months. At the time of sacrifice, the perirenal and epididymal fat pads were removed and weighed.
The phenotype of the ARC neurons activated after fasting was analyzed in lean young POMC-GFP mice (n = 3, BW 29.5 8 1.0 g). In the hypothalamic sections of these animals c-Fos immunohistochemistry was coupled with in situ hybridization histochemistry for NPY mRNA and with immunohistochemistry for GFP (see below).
The effect of fasting on compensatory hyperphagia was investigated in LOO (n = 8) and 3-month-old lean (n = 8) mice. Baseline food intake was measured for 3 days in ad libitum-fed lean and LOO mice by a computerized system. Then all animals were fasted for 12 h during the light phase. Following refeeding at dark onset, cumulative food intake was analyzed at 1 and 12 h and was compared to the mean of the baseline values measured at the same time intervals in ad libitum-fed animals. In pilot studies 12-month-old lean animals showed a hyperphagic response to 12 h of food deprivation. 12-Hour cumulative food intake in ad libi-tum-fed and fasted animals was 3.1 8 0.1 and 3.9 8 0.1 g, respectively (p = 0.003). Because based upon these results age did not seem to have a major effect on fasting-induced hyperphagia in our model, we used young lean mice as controls in the current study.
The anorectic effect of leptin was tested in ad libitum-fed LOO (n = 6; BW 40.8 8 0.8 g) and age-matched lean mice (n = 6; BW 33.7 8 0.7 g). In these experiments age-matched lean controls were used because 12-month-old lean mice had much higher leptin levels than the 3-month-old lean counterparts and because leptin levels are believed to influence leptin sensitivity [17] . In the current experiment animals received a subcutaneous (s.c.) injection of saline first (0.1 ml/10 g) and 3 days later leptin (2.6 mg/kg in saline, 0.1 ml/10 g) at dark onset. Following injection mice were given access to chow and food intake was measured manually 2, 4, 6, 8, 10, 12 and 24 h later. Food intake was corrected for spillage. For each animal the difference in food intake compared to saline injection was calculated.
The effect of insulin on blood glucose levels was investigated in 3-month-old lean (n = 6; BW 31.2 8 0.6 g) and LOO mice (n = 9; BW 44.5 8 1.6 g). We used young lean mice in this experiment because there was no indication of an age-related effect on insulin sensitivity at the age of 12 months in our model. In the immunohistological experiments the serum insulin and blood glucose level of the 12-month-old lean mice did not show any difference compared to the 3-month-old lean counterparts. This was in contrast to the large differences in fasting insulin and glucose values between 12-month-old LOO mice and their young lean controls. In the current experiment animals were food deprived for 12 h during the light phase. At dark onset a drop of blood was obtained by tail tip amputation from unanesthetized mice and was analyzed by a portable glucometer (Glucometer Elite, Bayer, Leverkusen, Germany). Then the animals were injected with insulin (0.1 U/kg s.c.) or an equivalent volume (0.1 ml/10 g) of saline, and were returned to their home cages. Blood sampling was repeated 10, 20, 30, 45 and 60 min later. Changes in blood glucose levels compared to the baseline value were calculated for each animal and used for statistical analysis.
The effect of fasting on metabolic parameters was studied in LOO (n = 6; BW 40.1 8 0.7 g) and age-matched lean mice (n = 6; BW 32.2 8 0.3 g) using an indirect calorimetry system. Energy expenditure, respiratory quotient and locomotor activity were determined in an open circuit system (AccuScan Inc., Columbus, Ohio, USA) as reported previously [18] . The energy expenditure over 12 h was calculated for each animal and was approximated for the metabolic body weight (body weight 0.75 ). The fasting-induced changes (in %) in energy expenditure compared to ad libitum-fed values were calculated for all animals and used for statistical analysis.
Immunohistochemistry Animals were euthanized 2 h into the dark phase and were processed as reported previously [4] [5] [6] . Three separate series of hypothalamic slices were collected, one to be stained only for cFos, one for c-Fos and orexin A, and one for c-Fos and MCH. An immunoperoxidase procedure was used to detect c-Fos as described previously [4] [5] [6] .
Double labeling of c-Fos and orexin-A immunoreactivity (ir) was performed as reported previously [19] . For the detection of c-Fos and MCH co-localization, the same protocol was used except that a specific antibody against MCH was used (rabbit anti-MCH; 1: 3,000, Oncogene, Cambridge, Mass., USA). To produce images of c-Fos/orexin and the c-Fos/MCH double staining, photomicrographs were taken separately under fluorescent (orexin A and MCH staining) and bright-light (c-Fos staining) illumination of the same LHA region. Then the transparency of both images was reduced to 60%, the images were overlaid and the fluorescent images were converted to grayscale images using Adobe Photoshop software.
One set of hypothalamic sections of the POMC-GFP mice was double stained for GFP and c-Fos. Immunostaining for c-Fos was conducted first, as described above. GFP was visualized by the same immunoperoxidase procedure using anti-GFP antibodies (1: 5,000; Stratagene, Santa Clara, Calif., USA) and aminoethylcarbazole as chromogen (Zymed Inc., San Francisco, Calif., USA).
The localization of the immunoreactive signals was identified according to the mouse brain atlas by Hof et al. [20] . The number of c-Fos-positive cells was counted manually in a blinded fashion on 6 corresponding sections in the ARC (Br -1.6 to -2.1). Our previous results in rats [21] and our unpublished observations in mice suggested that the fasting-induced c-Fos expression occurs in the rostral LHA (orexin-A and MCH-negative area; Br -0.7 to -0.9), but not in the caudal part of the LHA (Br -1.1 to -1.3). Because it seemed that fasting might have a specific effect on distinct neuronal populations of the LHA, we quantified the c-Fos response separately in the rostral and caudal LHA on 5 sections each in both regions. In the caudal LHA the co-localization of orexin-A/c-Fos and MCH/c-Fos were also quantified.
The mean value of the cell count per section of an individual animal was used for statistical analyses. Photomicrographs were taken by a digital camera (AxioCam, Carl Zeiss AG, Göttingen, Germany).
In Situ Hybridization and Immunohistochemistry
In the transgenic POMC-GFP mice one set of hypothalamic brain sections was double-stained for NPY and c-Fos using in situ hybridization histochemistry and immunohistochemistry, respectively. The antisense (CAGAGGCACCCAGAGCAGACA-CCCGCCGCTCAGCGACGACTGCCCGCCCGCCACGATG-CTAGGTAACAAGCGAATGGGGCTGTGTGGACTGAC-CCTCGCTCTATCTCTGCTCGTGTGTTTGGGCATTCTG-GCTGAGGGGTACCCCTCCAAGCCGGACAATCC) and sense riboprobes (kind gift of Herbert Herzog, Garvan Institute of Medical Research, Sydney, Australia) were labeled with digoxigenin (DIG) according to the manufacturer's instructions (Roche, Rotkreuz, Switzerland). The in situ hybridization was conducted first, using RNAse-free solutions and glassware. The sections were air dried at room temperature, rehydrated in PBS, treated with glycine (0.1 M in PBS) for 5 min, acetylated (in 0.25% acetic anhydride for 10 min), washed in PBS and hybridized in a hybridization buffer containing 200 ng/ml DIG-labeled riboprobes (18 h at 45 ° C). Following post-hybridization washes and digestion with RNAse A, alkaline phosphatase-conjugated anti-DIG antibody (1: 500, Roche) was applied overnight and detected in NBT/ BCIP solution (Roche). After rinsing in PBS, the c-Fos immunostaining was conducted as described above, except that the DAB solution did not contain nickel and cobalt for intensifying the DAB signal. NPY mRNA and c-Fos protein co-localization was evaluated on 7 consecutive sections in the ARC.
Glucose and Hormone Determination
Before transcardial perfusion in the immunohistological experiments, blood samples were taken from the anesthetized mice by puncturing the right ventricle. Blood glucose (Glucometer Elite , Bayer), plasma insulin and leptin (Linco Research, St. Charles, Mo., USA; mouse endocrine lincoplex kit) and ghrelin (Linco Research; ghrelin total RIA kit) levels were determined.
Statistics
Multiple group comparison was conducted using ANOVA and Student-Newman-Keuls post-hoc test. Student's t test or paired t test was used to compare two groups. p ! 0.05 was considered significant. Results are presented as means 8 SEM.
Results
Hypothalamic c-Fos Expression in Fed and 14-Hour Fasted Lean and LOO Mice
Only few c-Fos ir cells were present in the ARC of ad libitum-fed animals, with no difference between the lean and obese groups ( fig. 1 A-E). Fourteen hours of fasting significantly increased c-Fos expression in lean animals only (p ! 0.001). In the ARC of fasted lean mice 93.6 8 0.7% of the c-Fos-positive neurons contained NPY mRNA, and 79.2 8 2.5% of all NPYergic neurons expressed c-Fos ( fig. 1 F) . In the POMC neurons virtually no c-Fos ir was detected in the fasted lean mice (0.5 8 0.5%; fig. 1 G) .
Similar to the ARC, the PVN of lean but not LOO mice contained a significantly higher number of c-Fos-positive cells after 14-hour food deprivation than when fed ad libitum ( fig. 2 ) .
In the LHA, c-Fos expression was quantified separately in its rostral and caudal regions. After fasting, c-Fos expression only increased in the rostral LHA and only in the lean mice ( fig. 3 A-C) compared to ad libitum-fed controls (p ! 0.001). Under the ad libitum-feeding condition, no difference was found in the number of c-Fospositive cells between lean and obese mice in any region ( fig. 3 C, D) .
Orexin and MCH immunopositive neurons were only detected in the caudal LHA ( fig. 4 ) in accordance with previous findings [22, 23] . The number of orexin-positive and c-Fos/orexin double-positive neurons was similar in all 4 groups ( fig. 4 C, D) . In the caudal LHA very few cFos-positive neurons contained MCH, with no difference between the lean and obese mice under any feeding condition ( fig. 4 ) . The number of MCH-containing neurons was similar in all 4 groups ( fig. 4 G) .
Lean mice of different ages had similarly high levels of c-Fos expression in the ARC, PVN and rostral LHA after 14 h of fasting, suggesting that age had no influence on the fasting-induced c-Fos expression. There was no statistically significant difference between any age group (3, 9, 12, 18 months; fig. 5 , also compare with fig. 1-3 ).
Glucose and Hormone Determination and Weight of Fat Pads
Blood glucose and plasma ghrelin levels did not differ between ad libitum-fed lean and LOO mice, respectively. Insulin and leptin levels were significantly higher in the ad libitum-fed LOO animals compared to lean controls ( fig. 6 ). After 14 h of food deprivation glucose decreased significantly only in the lean mice but not in LOO animals. Leptin and insulin levels decreased in both groups of fasted mice, but fasted LOO mice still had significantly higher values than fasted lean mice. In response to fasting, ghrelin levels increased significantly and similarly in lean and LOO mice.
Compared to the lean mice, the LOO mice had 11-fold larger perirenal (0.
The fat pad weights of lean mice across the different age groups are summarized in table 1 . The 12-month-old animals had the largest fat pads, associated with the highest fasting blood glucose and leptin levels. No significant differences were found in fasting ghrelin and insulin levels between the 4 age groups ( table 1 ) .
Leptin and Insulin Sensitivity
Compared to the respective saline group, leptin significantly reduced food intake in lean mice starting from 8 h following injection, while leptin was without effect in the LOO mice ( fig. 7 A) .
Insulin significantly reduced blood glucose levels in the lean mice 30 min after injection compared to saline, while insulin had no effect on blood glucose levels in the LOO mice ( fig. 7 B) . There was a significant difference in the blood glucose levels of insulin injected lean and obese mice 10, 20 and 30 min after injection.
Food Intake after 12-Hour Food Deprivation
Compared to ad libitum-fed controls, cumulative food intake was significantly higher after 1 and 12 h of refeeding in the young lean mice following 12 h of food deprivation. At the same time points, food intake of the LOO mice was similar regardless of whether the mice had been previously fasted or fed ad libitum ( fig. 7 C, D) .
Respiratory Quotient and Energy Expenditure
The mean respiratory quotient was significantly lower in both fasted groups compared to ad libitum-fed groups starting from 3 h after the beginning the food deprivation. There was no difference between obese and lean mice under any feeding condition ( fig. 7 E) .
Energy expenditure was analyzed during the light phase, because in this time period locomotor activity did not differ significantly between lean and obese mice whether fed ad libitum (9.8 8 0.8 vs. 10.9 8 1.6 m) or fasted (13.7 8 2.3 vs. 17.5 8 4.6 m). Compared to ad libitum-fed controls, there was no significant difference in the percent decrease in total 12-hour energy expenditure between lean (5.84 8 0.7%) and obese (3.58 8 3.4%) mice during food deprivation. 
Discussion
The ARC, LHA and PVN are key components of the central network controlling food intake and energy balance. Our present findings demonstrate that the responsiveness of this hypothalamic circuit to challenges of energy homeostasis is reduced in obese mice compared to lean controls. While 14 h of food deprivation increased neuronal activity in all three hypothalamic nuclei in lean mice, it had no such effect in obese mice. Furthermore, the lack of fasting-induced c-Fos responses in the hypothalamic nuclei of obese mice was paralleled by a lack of fasting-induced hyperphagia.
The mouse model of late-onset obesity used here resembles the most common form of human obesity in that it develops over a long time period. Furthermore, our results showed that similar metabolic and hormonal alterations were present as in obese humans and other murine obesity models, e.g. diet-induced obesity. LOO mice were hyperleptinemic, hyperinsulinemic, and had elevated blood glucose in the fasted state. Additionally, they showed impaired responses to leptin and insulin com- Letters indicate the results of the statistical tests. Different letters indicate significant differences between groups. Groups with no significant differences in the given parameter bear the same letter. pared to lean animals. As our experiments with lean mice of different ages showed, age does not seem to directly influence the fasting-induced neuronal activation in the LOO model. We therefore assume that the differences in the hypothalamic fasting-induced activation between lean and obese mice might be related to the altered metabolic and hormonal responses of LOO mice to short-term fasting. Interestingly, the 18-month-old lean mice appeared to have smaller fat pads and lower levels of leptin and glucose than their 12-month-old counterparts. These changes might be related to a reduction in food intake, which is a common phenomenon in humans and animals at old age [24] .
In contrast to the lack of c-Fos response to fasting, our data demonstrate adaptive responses of LOO mice to negative energy balance. LOO mice showed fasting- induced reductions in energy expenditure and shifts in substrate utilization towards increased fat utilization as reflected by the lower respiratory quotient. There were no obvious differences compared to lean mice, although a direct comparison of energy balance would require a correction for body adiposity and body temperature. Notably, our preliminary studies indicate that even more severe acute energy depletion (26 h of fasting) does not trigger a neuronal response in the ARC of LOO mice [25] .
In the ARC of lean mice, the fasting-induced neuronal activation involved almost exclusively the NPYergic neurons. These neurons are well-characterized targets of circulating ghrelin, leptin, insulin and glucose [1, [7] [8] [9] . Thus, the fasting-induced changes of these factors might contribute to the activation of these NPY neurons in lean mice. Several lines of evidence underline the importance of glucose in modulating ARC activity. The NPYergic neurons are excited by decreasing glucose concentration [7] . Furthermore, in our previous study we demonstrated that peripheral glucose application reversed the fastinginduced ARC activation in lean mice [5] . Hence, it is conceivable that in the lean mice, the fasting-induced decline in glucose levels is an important signal that contributes to the activation of the ARC, and that the elevated fasting glucose in LOO mice is likely to prevent this response. It is intriguing to speculate about the role of fasting-induced decrease in blood glucose levels in fasting-induced hyperphagia, because glucoprivation and insulin-induced severe hypoglycemia increase food intake [26, 27] . However the feeding responses to glucoprivation and food deprivation seem to be separable. As shown by Luquet et al. [28] the NPYergic ARC neurons do not seem to be involved in the first response, but they are essential for the fasting-induced hyperphagia. Furthermore, the relatively slight decrease in blood glucose levels during fasting does not appear to be a major factor in the hyperphagic response, because mice do not increase food intake when a similar reduction in glucose levels is induced by insulin (unpublished observation).
In the present study the lack of ARC activation in obese mice occurred despite a fasting-induced increase in ghrelin levels, which however was similar to that observed in lean mice. This suggests that the increase in ghrelin levels is unlikely to account for the fasting-induced ARC activation in general. This is consistent with our recent findings that neutralization of circulating ghrelin by a novel RNA-based antagonist (anti-ghrelin Spiegelmer NOX-11B-3) had no effect on the fasting-induced c-Fos expression in the ARC of lean mice under comparable experimental conditions [6] .
Leptin and insulin inhibit NPYergic ARC neurons [1] . Thus in lean mice the fasting-induced decrease in leptin and insulin might reduce the inhibitory tone on the NPYergic neurons. Hence, this disinhibition may explain the activation of these neurons under fasting conditions, or it may facilitate the fasting-induced activation of these neurons by other metabolic or hormonal signals. This disinhibitory role of leptin is further substantiated by our recent studies showing an exaggerated fasting-induced c-Fos expression in the ARC of obese leptin-deficient ob/ ob mice compared to lean littermates [25] . In our LOO mice, the lack of fasting-induced ARC activation was accompanied by significantly elevated fasting leptin and insulin values, compared to fasted lean mice. Therefore, it is plausible that insulin and particularly leptin levels did not decrease sufficiently in obese mice to allow disinhibition of NPY neurons in the ARC.
It might appear paradoxical to argue with a high inhibitory effect of leptin and insulin in obese animals.
Obese humans and animals are generally considered resistant to certain effects of these peptides [10] [11] [12] . Similar to other obesity models, the anorectic effect of leptin and the hypoglycemic effect of insulin were also reduced in our LOO mice. Therefore, further studies are required to elucidate the impact of hyperleptinemia and hyperinsulinemia on hypothalamic activity in negative energy balance. Nevertheless, it has to be noted that leptin responsiveness may increase as a result of energy restriction. In lean animals food deprivation enhances neuronal and behavioral responses to exogenous leptin [29] [30] [31] . It remains to be investigated whether a short-term increase in leptin responsiveness may also occur under our experimental conditions in fasted LOO mice.
Similar to the ARC, food deprivation did not induce an increase in c-Fos expression in the LHA of obese mice. In the fasted lean mice, only a distinct population of neurons in the rostral LHA was activated. Although the phenotype of these cells is not yet known, it is likely that they are involved in the maintenance of energy homeostasis. Previous work from our group, showing that the fastinginduced c-Fos expression in a homologous area in rats is reversed by refeeding and by the anorectic hormone amylin, supports this notion [21] . Furthermore, similar to the ARC, the LHA also contains glucosensitive neurons which are excited when ambient glucose levels fall, e.g. in response to food deprivation [32] . Interestingly, the neuronal activity level did not change in the orexin and MCH neurons in the caudal LHA after food deprivation. In addition to the stimulatory effects on food intake, orexins and MCH also play a role in the regulation of the sleep/wake cycle. In rodents c-Fos expression in the orexinergic neurons is high in the active dark phase and low in the resting light phase, while MCH neurons show opposite responses [33] [34] [35] . Therefore, it is possible that the effects of food deprivation were masked by the influence of arousal under our experimental conditions. Arousal may have already activated a subset of the orexinergic neurons during the early dark phase, i.e. at the time when the mice were euthanized. Further, the arousal-dependent inhibition of MCH neurons at this time point may have prevented or reversed an activation of these neurons. Such mechanisms are in line with our finding that a considerable fraction of orexin neurons (approximately 50%) was activated in the ad libitum-fed mice while very few activated MCH neurons were detected in the same animals.
The ARC, PVN and LHA are interconnected by reciprocal neuronal projections [1] . Therefore, it is likely that the c-Fos responses in these nuclei to fasting partly rely on intrinsic hypothalamic projections. This particularly applies to the PVN, which integrates inputs from numerous hypothalamic areas, and which is one of the most important hypothalamic downstream structures of the ARC. The ARC, PVN and LHA also receive inputs from extrahypothalamic areas that are involved in the control of energy homeostasis. Hence, ascending inputs from hindbrain areas might also modulate hypothalamic neuronal activity.
We conclude that, compared to lean animals, mice with late-onset obesity show blunted hypothalamic and feeding responses to the metabolic challenge of fasting. Our results demonstrate that age of LOO mice is not a critical factor causing the reduced responses in this obesity model. Our observations suggest that the pathophysiological metabolic and hormonal perturbations associated with obesity, including impaired fasting glucose, hyperleptinemia and hyperinsulinemia override the physiological neuronal responses to fasting. Therefore, a reduction of these signals seems to be necessary for the fasting-induced hypothalamic activation. Further studies are required to elucidate the underlying mechanisms and to extend our findings in other rodent models of obesity and under other experimental paradigms.
